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Abstract: The effect of physical activity (PA) on functional brain activation 
for semantic memory in amnestic mild cognitive impairment (aMCI) was 
examined using event-related fMRI during fame discrimination. Greater 
semantic memory activation occurred in the left caudate of High- versus Low-
PA patients (P = 0.03), suggesting PA may enhance memory-related caudate 
activation in aMCI. 
Keywords: Exercise, Alzheimer’s Disease, Cognition 
NOT THE PUBLISHED VERSION; this is the author’s final, peer-reviewed manuscript. The published version may be 
accessed by following the link in the citation at the bottom of the page. 
Psychiatry Research: Neuroimaging, Vol 193, No. 1 (July 30, 2011): pg. 60-62. DOI. This article is © Elsevier and 
permission has been granted for this version to appear in e-Publications@Marquette. Elsevier does not grant permission 




Amnestic mild cognitive impairment (aMCI) is a high risk state 
for Alzheimer’s disease (AD), with 80% progressing to AD over a 6-
year period (Petersen et al., 2001). Effective therapies are needed for 
preserving cognitive and brain function in aMCI. Physical activity (PA) 
has been promoted as one such promising intervention (Baker et al., 
2010; Smith et al., 2011). PA enhances neuropsychological test 
performance in healthy older adults (Lautenschlager et al., 2008), 
improves semantic memory retrieval in aMCI patients (Baker et al., 
2010), and is associated with greater semantic memory-related brain 
activation in healthy older adults, particularly in those carrying 
increased AD risk from the apolipoprotein E-epsilon4 (APOE-ε4) allele 
(Smith et al., 2011). The objective of this study was to expand the 
literature by examining the effects of PA on brain activation during 
semantic memory in aMCI patients. Based on our previous findings, we 
hypothesized greater PA would be associated with greater activation in 
aMCI. 
2. Method 
Eighteen participants who met Petersen criteria (Petersen et al., 
2001) for aMCI were studied. A comprehensive neuropsychological 
battery was administered (see Table S1; (Smith et al., 2011). 
Frequency and intensity of leisure-time PA was measured using the 
Stanford Brief Activity Survey (SBAS) (Taylor-Piliae et al., 2006). 
Participants indicating ≤ 2 days of low-intensity PA were classified as 
Low-PA (n = 9) while participants indicating ≥ 3 days per week of 
moderate to vigorous PA were classified as High-PA (n = 9). The 
Institutional Review Board at the Medical College of Wisconsin 
approved the study, and written informed consent was obtained 
according to the Declaration of Helsinki. 
Whole-brain, event-related fMRI was conducted on a General 
Electric (Waukesha, WI) Signa Excite 3.0 Tesla scanner using an 
echoplanar pulse sequence and high-resolution, three-dimensional 
spoiled gradient-recalled at steady-state (SPGR) anatomic images 
(Smith et al., 2011). The semantic memory task included 30 names of 
famous persons (e.g., Frank Sinatra) and 30 names of non-famous 
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individuals where each name was presented for 4 s and participants 
indicated famous or unfamiliar by finger key-press (Douville et al., 
2005). The 60 name trials were randomly interspersed with 20 4-s 
fixation trials. The imaging run began and ended with 12 s of fixation 
(run-time 344 s). 
Functional images were analyzed with AFNI (Cox, 1996). 
Deconvolution was used to extract separate hemodynamic response 
functions (HRFs, 0–16 s post-stimulus) for famous and unfamiliar 
names from the time-series (correct trials only). Area under the curve 
(AUC) was calculated by summing the HRFs at 4, 6, and 8 s post-trial 
onset. Statistical parametric maps were generated for each group 
where the %AUC for famous names differed significantly from 
unfamiliar names. An individual voxel probability threshold (t (6) = 
4.308, P < 0.005) was coupled with a minimum cluster volume 
threshold of 0.731 ml, equivalent to a whole brain family-wise error 
threshold of p < .05. A functional region of interest (fROI) analysis 
was conducted to evaluate potential group differences in the 
magnitude of the BOLD response in functionally active regions. A fROI 
map was generated for the combined sample using a disjunction mask. 
Any voxel deemed “activated” by the Famous-Unfamiliar name 
subtraction in at least one of the two groups contributed to the final 
fROI map. For each participant, an “averaged HRF” was calculated for 
all voxels within a fROI. AUC (4, 6, and 8 s post stimulus onset) in 
each fROI served as the dependent variable (see Smith et al., 2011). 
One-way ANOVA was used to compare %AUC in each fROI between PA 
groups with a one-tailed level of significance of P < 0.05. 
3. Results 
The High-PA and Low-PA groups did not differ significantly in 
age, sex, education, family history of AD, APOE gene status, 
depressive symptoms, neuropsychological performance, or fame 
discrimination performance (> 86% for both groups) (see Table S1). 
The volume of activation was 25% greater in the High-PA group (see 
Figure S1 and Table S2). Brain activation related to semantic memory 
processing (famous > unfamiliar) occurred in 6 fROIs. High-PA aMCI 
showed significantly greater intensity of activation in the left caudate 
compared to Low-PA aMCI (Mean (±SD): High-PA = 0.358 (0.151 %); 
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Low-PA = 0.149 (0.268 %); F(1,16) = 4.117, P = 0.03; η2p = 0.205) 
(see Figure 1). Comparisons of the volume of the caudate nuclei 
demonstrated no group difference. 
 
Figure 1. Functional Regions of Interest (fROIs) derived from all regions activated in 
both groups based on the voxelwise analysis (see supplementary Figure S1 and Table 
S2). The six regions of interest are shown in the top (left hemisphere) and middle 
(right hemisphere) panels. The two groups significantly differed only in activation 
(Famous > Unfamiliar) of the left caudate region (circled in yellow, axial view in the 
lower left panel, z = +10 mm superior to the AC-PC line). The MR signal intensity 
difference (%AUC) between the Low-PA and High-PA groups in the left caudate region 
is shown in the lower right panel. Error bars = SEM. 
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These findings provide preliminary evidence that greater leisure-
time physical activity is positively related to a greater general spatial 
extent of semantic memory activation and a greater intensity of 
activation in the left caudate in patients diagnosed with aMCI. It has 
been suggested that the caudate participates in a variety of cognitive 
functions through the augmentation of intentional actions and 
cognitions, and the inhibition of competing motor programs and 
cognitive networks through closed loops that involve other basal 
ganglia structures and several frontal cortical regions (Crosson et al., 
2007). The direct (augmentative) cortical loops are modulated by 
dopamine D1 receptor activity increasing the signal-to-noise ratio on 
the outputs of striatal spiny neurons. It has been suggested that D1 
receptors serve to facilitate cognition by helping to prolong the 
activation of the cortical loops that support them (Crosson et al., 
2007). 
Changes in caudate volume are reportedly involved in the 
progression of MCI and may be affected by AD pathology (Smith et al., 
2006; Hakamata et al., 2010). Our finding suggests that being 
physically active may help preserve activation of the caudate during 
semantic memory retrieval. While the mechanism for this effect is not 
clear, we hypothesize that PA may increase dopaminergic input (de 
Castro and Duncan, 1985) that augments the gain among 
frontostriatal closed loop networks and results in enhanced activation 
of the caudate during semantic memory retrieval (Crosson et al., 
2007). 
In previous work, greater physical fitness was related to larger 
left caudate volume in healthy, 9–10 year old children, although it was 
unrelated to flanker task performance (Browning, 2010). Baker et al. 
(2010) compared aerobic exercise training to a stretching control 
group in 33 aMCI patients and reported that exercise improved 
category fluency, an index of semantic memory retrieval. The current 
findings provide the first evidence of an association between functional 
activation the left caudate during semantic memory and greater levels 
of PA in aMCI patients. These findings extend our previous report that 
enhanced semantic memory processing was observed in more 
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physically active cognitively intact older adults, particularly in 
individuals who possessed the APOE-ε4 allele (Smith et al., 2011). 
While that study did not report caudate activation, our earlier work 
demonstrated caudate activation by our task in both cognitively intact 
adults (Seidenberg et al., 2009) and MCI patients (Woodard et al., 
2009). 
An important question is whether greater semantic memory 
activation reflects a compensatory response indicative of future 
cognitive decline, or whether this effect reflects a cognitive reserve 
that may be protective. In a longitudinal study of cognitively intact 
individuals at risk for developing AD, we showed that greater baseline 
fMRI semantic memory activation during famous name recognition was 
protective against cognitive decline 18 months later (Woodard et al., 
2010). Collectively, these findings indicate physical activity may 
enhance semantic memory activation in healthy older adults at risk for 
AD, and that these effects may be limited to the caudate nucleus in 
cognitively impaired older adults. Whether PA provides protection 
against future cognitive decline in aMCI is currently unknown. 
Because the activations for the famous and unfamiliar names 
were subtracted, our finding cannot be attributed to common motor or 
sensory activation related to the visual perception of the names and 
the motor response. The groups were also equivalent on multiple 
demographic and cognitive performance factors, APOE status, and 
caudate volume. It is conceivable that other unmeasured factors, such 
as overall metabolic health, microvascular pathology, or other 
cognitive domains (e.g., executive function), differed between the two 
groups (see Figure S1 and Table S2). This study is also limited by its 
cross-sectional design, its small sample, and the use of a self-report 
measure of leisure-time PA. We did not assess cardiorespiratory 
fitness. It is possible that the group differences in brain activation may 
result from increased cerebral perfusion and/or increased cerebral 
blood volume associated with PA (Pereira et al., 2007). It is important 
to note, however, that responses on the SBAS have been shown to be 
dose-dependently related to cardiovascular risk biomarkers and 
estimated energy expenditure (Taylor-Piliae et al., 2006). 
In our previous studies of cognitively intact older adults at 
increased risk for AD, PA was related to greater volume and intensity 
NOT THE PUBLISHED VERSION; this is the author’s final, peer-reviewed manuscript. The published version may be 
accessed by following the link in the citation at the bottom of the page. 
Psychiatry Research: Neuroimaging, Vol 193, No. 1 (July 30, 2011): pg. 60-62. DOI. This article is © Elsevier and 
permission has been granted for this version to appear in e-Publications@Marquette. Elsevier does not grant permission 
for this article to be further copied/distributed or hosted elsewhere without the express permission from Elsevier. 
8 
 
of semantic memory activation (Smith et al., 2011), and greater 
semantic memory activation was a sign of cognitive stability over 18 
months (Woodard et al., 2010). In this cross-sectional study in aMCI 
patients, we found that greater PA was associated with greater overall 
volume of activation and greater intensity of activation in the left 
caudate during semantic memory processing. However, it is not known 
if the ability to activate the caudate is protective against future decline 
in aMCI or if PA prospectively enhances brain function in aMCI and 
reduces conversion to AD. These hypotheses need to be tested 
prospectively in a larger sample of aMCI patients. 
  
NOT THE PUBLISHED VERSION; this is the author’s final, peer-reviewed manuscript. The published version may be 
accessed by following the link in the citation at the bottom of the page. 
Psychiatry Research: Neuroimaging, Vol 193, No. 1 (July 30, 2011): pg. 60-62. DOI. This article is © Elsevier and 
permission has been granted for this version to appear in e-Publications@Marquette. Elsevier does not grant permission 




Table S1.  Participant Characteristics and Task Performance.  Mean (SD) demographic 
characteristics, neuropsychological test results, and fMRI task performances for the 
two patient groups.  Results of one-way ANOVAs are summarized by t-statistics (df = 
17), P-values, and associated effect sizes (η²p).  No significant group differences 
emerged on any of the variables.   
 Physical Activity Status   
Variables Low PA 
(n = 9) 
High PA 
(n = 9) 
 
t 
P  η²p 
Demographics       
Age (yrs) 73.6 (8.3) 75.0 (5.5) 0.43 .67 .01 
Education (yrs) 14.7 (1.7) 16.1 (3.2) 1.16 .27 .08 
Gender 2M, 7F 2M, 7F -- 1.0 -- 
APOE gene status (n) 4 e4  4 e4  0.0 1.0 -- 
Acetylcholinesterase use (n) 2 5    
Neuropsychological Testing      
MMSE 27.1 (2.0) 27.1 (2.0) 0.0 1.0 -- 
DRS Attention 35.4 (1.9) 36.2 (0.8) 1.14 .28 .07 
DRS I/P 34.1 (2.5) 35.2 (2.8) 0.89 .39 .05 
DRS Memory 20.1 (2.6) 18.7 (4.6) 0.82 .42 .04 
DRS Total 132.4 (5.5) 132.7 (6.5) 0.08 .94 <.01 
AVLT Trials 1-5 29.7 (8.9) 30.1 (8.0) 0.11 .91 <.01 
AVLT DR 3.3 (2.3) 2.8 (1.4) 0.61 .55 .02 
AVLT LTPR 46.5 (30.9) 39.8 (22.0) 0.52 .61 .02 
GDS 5.4 (3.6) 4.6 (4.9) 0.43 .67 .01 
fMRI Task Performance       
% Correct Famous 86.3 (17.2) 88.9 (13.1) 0.36 .72 <.01 
% Correct Unfamiliar 95.2 (7.1) 92.2 (8.7) 0.79 .44 .04 
RT Famous (ms) 1319 (276) 1306 (227) 0.10 .92 <.01 
RT Unfamiliar (ms) 1609 (361) 1730 (303) 0.78 .45 .04 
Notes: All indices represent raw scores. PA = Physical Activity; M = male; F = female; 
MMSE = Mini-Mental State Exam; DRS = Mattis Dementia Rating Scale; I/P = 
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Initiation/Perseveration; AVLT = Rey Auditory Verbal Learning Test; DR = Delayed 
Recall; LTPR = Long-term percent retention; GDS = Geriatric Depression Scale; RT = 
reaction time. 
 
Figure S1. Results of voxelwise analysis showing brain regions demonstrating 
significant differences between Famous and Unfamiliar name conditions for each of the 
two aMCI groups (left = Low PA; right = High PA). Areas in red indicate Famous > 
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Unfamiliar. There were no areas where Unfamiliar > Famous. Location and volume of 
activation foci delineated in Table S2. PA = physical activity. 
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